Force and torque information is critical to enabling intelligent control of a robot in complex robotic applications. This paper presents a novel six-axis force/torque sensor based on optical fibre sensing for robotic applications in extreme environments with intense electromagnetic interference as well as explosive and inflammable materials. The designed sensor employs an elastic sensing element composed of 4 compliant beams and 4 elastic cross beams to convert the measured forces and torques to the strain on the surfaces of elastic cross beams, which is detected by 16 Fibre Bragg Gratings (FBGs). The strain is calculated by theoretical analysis using Timoshenko beam theory and validated by Finite Element Analysis (FEA). Working matrix of the sensor is constructed, which is associated with the relationships between the measured forces and torques and the wavelength shifts of FBGs. The sensitive coefficients obtained by theoretical analysis and FEA simulation are in good agreement, which indicates that the analytical method is accurate. The proposed six-axis force/torque sensor with low cost and high reliability has great potential in robotic applications in harsh industrial environments.
INTRODUCTION
Six-axis force/torque sensors enable robots to obtain force and torque feedback information and achieve intelligent control, which is increasingly important in robotic applications such as robotic assembly/disassembly, deburring, polishing, grinding, cooperation with humans, and so on (Kim et al., 2017 , Yao et al., 2016a , Sun et al., 2016 . For instance, a six-axis force/torque sensor was adopted to realize flexible force control on an industrial robot for spacecraft assembly (Yuee et al., 2017) . Six-axis force/torque sensor was employed in humanoid robot foot for stable control . A capacitivetype six-axis force/torque sensor was developed for force control of industrial robots . Sixaxis force/torque sensor (or six-axis force/moment transducer) can simultaneously detect all six components including three orthogonal forces (Fx, Fy and Fz) and three orthogonal torques (Tx, Ty and Tz) at a certain point on a plate (Kim et al., 2017) . Table 1 : Six-axis force/torque sensors.
Principle Work
Strain gauge , (Okumura et al., 2017) , (Yao et al., 2016b) , (Sun et al., 2016) , (Ballo et al., 2016) , (Kang et al., 2014) , (Feng et al., 2015) , (Wu and Cai, 2013) , (Ma et al., 2013) , (Ballo et al., 2013) Piezoelectric , (Becker et al., 2017) , (Liu et al., 2014) , (Estevez et al., 2012) , (Liu et al., 2011) , (Li et al., 2009 ), Capacitor (Kim et al., 2018) , (Lee et al., 2016) , (Brookhuis et al., 2014) , (Bar-Cohen et al., 2013 ), Others (Guggenheim et al., 2017 , (Zhao et al., 2016) , (Kim and Lee, 2016) , (Müller et al., 2009) , (Beyeler et al., 2009) Currently, most developed and commercial sixaxis force/torque sensors have used strain gauge, piezoelectric and capacitor, as shown in Table 1 . However, these electrical-type sensors are typically expensive and could not work well in harsh environments with intense electromagnetic interference as well as explosive and inflammable materials (Guggenheim et al., 2017) . Therefore, new six-axis force/torque sensors with low cost and high reliability are highly desirable to enable robots to work in extreme environments.
Compared with traditional electrical sensing technology, Fibre Bragg Grating (FBG) as one kind of typical optical fibre sensing technologies has unique advantages such as immunity to electromagnetic interference, resistance to corrosion and chemicals, multi-parameter measurement, multiplexing capability, remote signal transmission, and so on (Jiang et al., 2018) . In recent years, FBG sensors have been widely studied and applied in various fields (Diaz et al., 2018 , Wei et al., 2017 , Tian et al., 2017 , Mieloszyk and Ostachowicz, 2017 ). There has not been much reported research into sixaxis force/torque sensors using FBGs. A 6-DoF force/moment sensor using FBGs for robotic surgery was developed (Kim and Lee, 2016) . This paper presents a novel six-axis force/torque sensor based on optical fibre sensing for robotic applications in extreme environments. The proposed sensor uses an elastic sensing element with 4 compliant beams and 4 elastic cross beams to convert the measured forces and torques to strain on the surfaces of elastic cross beams. 16 FBGs are employed to detect the strain and construct the relationships between their wavelengths and the measured six-axis forces and torques. The paper is organised as follows. Section 2 focuses on FBG sensing technology and the measurement principle of the proposed sensor is outlined in Section 3. FEA simulation analysis of the strain on the surfaces of elastic cross beams is described in Section 4. Section 5 reports and discusses the analysis results. Finally, the conclusions are presented in Section 6.
FBG SENSING TECHNOLOGY
FBG adopts light as sensing signal and the mean of data transmission. Bare FBG is sensitive to strain and temperature. Combining elastic sensing elements with different functions to sense and convert the measured physical quantities to quantities (like strain) that could be detected by FBGs enables FBGs to measure different physical parameters.
Fibre Bragg Grating
FBG is written by exposing the core of an optical fibre to intense UV light (Wang et al., 2016) . The central wavelength (λ B ) of the reflected light by FBG in the core of optical fibre can be defined as (Koyama et al., 2017) :
where n eff is the effective refractive index of fibre core material, and Λ is the Bragg grating period. The wavelength shift of FBG (Δλ B ) is simultaneously modulated by strain and temperature, which affect n eff and Λ. The Bragg wavelength shift (Δλ) of FBG is sensitive to strain and temperature changes, which could be found in the following equation.
where λ is the initial central wavelength of FBG. p e , α f and ξ are the effective photo-elastic coefficient, the thermal expansion coefficient and the thermal-optic coefficient of fused silica fibre, respectively.
Temperature Compensation Method
To handle the problem of strain and temperature cross-sensitivity, temperature compensation is essential for FBGs to measure strain accurately . In this paper, the difference of wavelength shifts of two FBGs (FBG1 and FBG2) as a pair are used as the sensing signals of the measured forces and torques, which are employed to measure positive (or tensile) strain and negative (or compressive) strain on the opposite surfaces of an elastic cross beam. According to equation (2), the wavelength shifts of FBG1 and FBG2 could be obtained:
The initial wavelengths λ FBG1 and λ FBG2 could be replaced by an equivalence value (λ) due to that the initial wavelengths are much larger than the wavelength shifts. Assuming the two FBGs undergo the same temperature variation ( ∆ = ∆ ), the difference between the two wavelength shifts could be estimated by equation (3) equation (4) (Huang et al., 2013) :
For an FBG with a central wavelength of 1550 nm, its typical strain sensitivity is approximately 1.2 pm/micro-strain. The equation (5) can be adapted as:
As shown in equation (6), the wavelength shift difference of the two FBGs is employed as sensing signal of the measured forces or torques, which can cope with the temperature cross-sensitivity problem and increase force/torque sensitivity. 
SENSOR STRUCTURE AND PRINCIPLE

Sensor Structure
Measurement Principle
The elastic sensing element converts the measured force/torque into the strain on the surfaces of elastic cross beams which could be detected by FBGs. As shown in Figure 2 , 16 FBGs are mounted on the surfaces of elastic cross beams along their length direction, which are coded from G1 to G16. The elastic inner hub is assumed to be ideal. The strain calculation can be simplified into four parameters which are (or ), , (or ) and due to the symmetrical structure of elastic sensing element. The method of strain calculation is based on Timoshenko beam theory .
Strain Analysis under Force Fx (Fy)
Figure 3: Deformation of the elastic sensing element under force Fx . Figure 3 shows the deformation of the elastic sensing element under force . The cross elastic Design of a Novel Six-Axis Force/Torque Sensor based on Optical Fibre Sensing for Robotic Applications beams of AB and CD and the compliant beams of MN and OP are subjected to bending deformations. The deformations of elastic beams (EF and GH) and compliant beams (IJ and KL) are small, which can be ignored. Due to the symmetrical structure, the deformation of elastic cross beam AB is equal to that of beam CD. Taking beam AB as an example, the strain on its surface under force can be obtained ):
where x is the distance between any cross-section on beam AB and the inner round hub; E is the Young's modulus; G is the shear modulus; I is the second area moment and A is cross-sectional area. k is the shearing-shape coefficient of beam section. l e , w e and h e are the length, width and height of elastic cross beams, respectively. l c , w c and h c are the length, width and height of compliant beams, respectively. Figure 4 : Deformation of the elastic sensing element under force Fz . Figure 4 illustrates the deformation of the elastic sensing element under force . Elastic cross beams are in bending deformations, which could be treated as cantilever beams. The strain on elastic cross beams can be calculated by ):
Strain Analysis under Force Fz
where = ( )/12 is the second area moment of cross-section.
Strain Analysis under Torque Tx (Ty)
Figure 5: Deformation of the elastic sensing element under torque Tx . 
Strain Analysis under Torque Tz
The deformation of the elastic sensing element under torque is shown in Figure 6 . Four elastic cross beams have the same deformation. The strain on the surface of elastic cross beams can be calculated by ):
Figure 6: Deformation of the elastic sensing element under torque Tz .
Working Matrix
According to the equation (7), (9), (10) and (12), the relationships between the strain on elastic cross beams and the applied forces and torques are linear. The strain on the opposite surfaces of an elastic cross beam is positive and negative, respectively. The strain at 16 FBG positions can be divided into 8 pairs. The strain matrix of the sensor could be described as:
Where [k] is an 8 x 6 strain coefficient matrix. As the matrix [k] is not square, the Moore-Penrose pseudoinverse matrix is calculated to be:
Combining equation (6) and (11) 
FEA SIMULATION ANALYSIS
To validate the proposed calculation method, the strain distributions on elastic cross beams are analysed by using FEA simulation with ANSYS. Figure 7 shows the 3D CAD model of the elastic sensing element with meshes. High-density meshes are selected for the elastic cross beams. Figure 8 illustrates the linear relationships between the strain on the positions of 16 FBGs and the forces and torques using FEA simulations. As shown in Figure 8 , 4 FBGs (which could be divided into two pairs on opposite surface of the same elastic cross beam) could be used to measure Fx (G1, G2, G3 and G4), Fy (G5, G6, G7 and G8), Tx (G9, G10, G11 and G12) and Ty (G13, G14, G15 and G16), respectively. The FBGs from G9 to G16 could be used to measure force Fz and the FBGs from G1 to G8 could be used to detect torque Tz.
RESULTS AND DISCUSSION
Equation (16) and (17) show the strain coefficient matrixes obtained by FEA simulation and theoretical analysis, respectively. Preliminary research shows that the proposed method for the working matrix calculation of the sixaxis force/torque sensor is feasible. The sensor prototypes are being manufactured and experimental studies will be carried out to investigate their performance.
CONCLUSIONS
Reliable force/torque sensation plays a significant role in state-of-the-art robot controls. This paper has presented a novel six-axis force/torque sensor based on FBG sensing technology for robotic applications. The designed sensor employs an elastic sensing element with 4 compliant beams and 4 elastic cross beams to convert the measured forces and torques to the strain detected by 16 FBGs on the elastic cross beams. The strain has been calculated by theoretical analysis using Timoshenko beam theory and validated by FEA simulations. Working matrix of the sensor has been obtained to describe the relationships between the measured forces and torques and the optical wavelength shifts of FBGs. The calculated results by theoretical analysis and FEA simulations are in good agreement. The proposed sensor offers a good solution to force/torque measurement of a robot in extreme industrial environments with intense electromagnetic interference as well as explosive and inflammable materials.
Future works will involve the performance investigations of the proposed sensor. Prototypes are being manufactured for experimental studies and the related results will be reported in the future.
